] to the extremely large genomes of Paris japonica [1C=152.2 Gbp (Pellicer et al. 2010) ]. The rate of plant genome size evolution appears to be lineage specific. For example, the genomes of Genlisea spp. range from 0.06 -1.7 Gbp, with recent reductions in the smallest genomes following recent whole genome duplication (Fleischmann et al. 2014) . This stands in contrast to the small genomes of the Selaginellaceae that have a narrower range of genome size from 1C 0.082 -0.184 Gbp (Baniaga et al. 2016 ) despite deep divergences among subgenera dating to the Permian-Triassic boundary (Arrigo et al. 2013; Kenrick and Crane 1997; Korall and Kenrick 2002; Westrand et al. 2016; Zhou et al. 2016 ).
The primary mechanisms driving variation in genome size in vascular plants are whole genome duplication (WGD) and the proliferation of transposable elements. Although WGDs are common and phylogenetically widespread throughout the history of vascular plants (Barker et al. 2016; Cui et al. 2006; Jiao et al. 2011; Kagale et al. 2014; Landis et al. 2018; Li et al. 2015; Li et al. 2018) , genome size is o en reduced following polyploidization by fractionation and diploidization (Freeling et al. 2012; Murat et al. https://docs.google.com/document/d/11g6B04oCbuBwvQgEQmxz5dT65FqdiFWjlM689EB4FEQ/edit# 4/41 4 BANIAGA : LTR DYNAMICS 2014), partially due to species specific maximum genome size thresholds (Zenil-Ferguson et al. 2016) . Consequently, most of the variation in genome size is caused by the expansion and contraction of Class I transposable elements, specifically Long Terminal Repeat retrotransposons (LTRs) which increase in copy number via a copy-and-paste mechanism (Feschotte et al. 2002) . LTRs can comprise a majority of a vascular plant genome (Michael 2014), and total LTR content is positively correlated with genome size in angiosperms (Flavell 1980; Michael 2014; Tiley and Burleigh 2015; Wendel et al. 2016) . For example, in the extremely small genome of Utricularia gibba , LTRs comprise only 2% of the genome (Ibarra-Laclette et al. 2013) , but in Zea mays they comprise more than 75% of the genome (Schnable et al. 2009 ). These dynamics lead LTRs to be the dominant driver of genome size evolution in vascular plants.
Comparative analyses of LTR insertion dates can be used to reveal the dynamics of LTRs and their impacts on genome evolution. It is possible to estimate LTR insertion dates because LTRs have identical 5' and 3' ends at initial insertion. A er insertion, they evolve neutrally and given an estimate of the synonymous substitution rate for a lineage or taxon the divergence can be used to date LTR insertion (SanMiguel et al. 1998) . Similar LTR age distributions are found in gymnosperms, which also have large genome sizes. Their genomes are characterized by numerous diverse repeats with a uniform distribution of LTR insertion times dating back to more than 60 mya (Kovach et al. 2010; Nystedt et al. 2013; Voronova et al. 2017; Zuccolo et al. 2015) . The persistence of LTRs over millions of years is a common feature of the largest genomes of seed plants.
In contrast to seed plants, we know relatively little about the dynamics of LTRs and genome size evolution in the ferns and lycophytes. Fern nuclear genome size ranges from 1C=250 Mbp in the heterosporous water fern Salvinia cucullata (Li et al. 2018) Leitch 2013) . Unlike seed plants, nuclear genome size in ferns and lycophytes correlates strongly with chromosome number (Bainard et al. 2011; Barker 2013; Clark et al. 2016; Leitch and Leitch 2013; Nakazato et al. 2008) . We may thus expect that LTRs may play a lesser role in the evolution of fern and lycophyte genome size compared to seed plants.
https://docs.google.com/document/d/11g6B04oCbuBwvQgEQmxz5dT65FqdiFWjlM689EB4FEQ/edit# 6/41 6 BANIAGA : LTR DYNAMICS Investigations of LTR dynamics in ferns and lycophytes are in their infancy, but have already revealed some important details. Generally, the proportion of the genome comprised of LTRs is within the range observed in seed plants (Banks et al. 2011; Li et al. 2018; Van Buren et al. 2018; Wolf et al. 2015; Xu et al. 2018) . LTR insertion dates have only been estimated for two heterosporous ferns and species of Selaginella . In the heterosporous ferns, which have much smaller genome sizes than their homosporous relatives, a high amount of recent activity is found with relatively low amounts of genetic divergence between LTR 5' and 3' ends (Li et al. 2018) . In Selaginella the majority of LTRs are also relatively young (Banks et al. 2011; Van Buren et al. 2018; Xu et al. 2018) , and are strongly linked to the high haplotype variation observed in S. lepidophylla (Van Buren et al. 2018) . The role of LTRs in influencing haplotype variation in Selaginella may explain the high heterozygosity and assembly difficulties of other Selaginella genomes despite their minute nature.
Given that chromosome number is strongly correlated with nuclear genome size in ferns and lycophytes (Bainard et al. 2011; Barker 2013; Clark et al. 2016; Nakazato et al. 2008; Leitch and Leitch 2013) , we sought to test if genome size is also well correlated with LTR insertion activity. With the advent of newly available genome-wide data for several fern and lycophyte taxa (Banks et al. 2011; Li et al. 2018; VanBuren et al. 2018; Wolf et al. 2015; Xu et al. 2018) , we were able to explore the LTR dynamics of ferns and lycophytes. (Li et al. 2018; Phytozome v11; VanBuren et al. 2018; Wan et al. 2018; Wolf et al. 2015; Xu et al. 2018) . Only Selaginella taxa were available to represent lycophytes. In general, the proportion of the genome comprised of LTRs in ferns and lycophytes is similar to that observed in other seed plants (Table 1 ). In addition to the seven fern taxa and three species of Assembled genomes were scanned using LTR_Finder (Xu and Wang 2007) with the following parameters; "Maximum distance between LTRs=15000", "Minimum distance between LTRs=1000", "Maximum LTR length=3500", "Minimum LTR length=100", "Length of exact match pairs=15", "Extension cutoff=0.5", "Reliable extension=0.5".
Nested LTRs were excluded from all analyses. Predicted full length LTRs were extracted from scaffolds using custom perl scripts ( https://bitbucket.org/barkerlab/baniaga_fern_lycophyte_ltrs ) and blasted to RepBase (Bao et al. 2015) using the tblastx algorithm. The highest scoring hit to the repbase database from each predicted LTR sequence was used in annotations. Predicted full length LTRs with no significant hit to RepBase were blasted to the GenBank nr database using the tblastx algorithm, and significant hits (e-value < 1e Relationship between mean LTR insertion date and genome size. -Haploid nuclear genome size estimates were sourced from the literature. Due to the large variation in haploid genome size across taxa, a regression was performed on mean LTR insertion date https://docs.google.com/document/d/11g6B04oCbuBwvQgEQmxz5dT65FqdiFWjlM689EB4FEQ/edit# 10/41 10 BANIAGA : LTR DYNAMICS against log 10 [haploid nuclear genome size Mbp]. In addition, because of the shared evolutionary history of the species included in our analyses a phylogenetic independent contrast was performed on this dataset. Sequences for the rbcL plastid marker were downloaded from NCBI GenBank for each species and the outgroup Physcomitrella patens (Appendix 1). An rbcL sequence for Plagiogyria formosana was not available, and instead a sequence from the congener P. yakumonticola Nakaike was used. Sequences were aligned in MUSCLE, and an ultrametric phylogenetic tree was inferred using BEAST v2.0 (Bouckaert et al. 2014) . The outgroup was pruned from the tree and the phylogenetic independent contrast was performed on both the log 10 [haploid nuclear genome size Mbp] and mean LTR insertion date using the 'pic' function in the R ape package (Paradis et al. 2004) . A nexus file of the phylogenetic tree is available at TreeBASE (http://purl.org/phylo/treebase/phylows/study/TB2:S24023).
Rᴇsᴜʟᴛs
Fern LTR dynamics. -We observed different patterns of LTR dynamics in homosporous versus heterosporous ferns. Across all five homosporous fern taxa analyzed, estimated LTR insertion dates followed a broad unimodal distribution with three common attributes (Fig. 1) LTR dynamics in the two heterosporous ferns were markedly different from the homosporous ferns. In both Azolla and Salvinia , estimated LTR insertion dates were similar to those observed in angiosperms with high amounts of recent activity (Fig. 1) . In contrast to the homosporous ferns, an estimated 44% of LTR insertions occurred within the past one million years in Azolla and 24% in Salvinia . Mean insertion dates were also much younger with an estimated mean of 1.70 mya in Azolla and 3.11 mya in Salvinia . In addition, fewer than 0.1% of LTRs were older than 15 mya in Azolla and Salvinia .
Lycophyte (Selaginella) LTR dynamics. -All three Selaginella species shared similar patterns of LTR activity. These LTR dynamics are comparable to angiosperms and the heterosporous ferns (Fig. 1 Older average insertion times of LTRs is consistent with observed patterns of structural turnover in homosporous fern genomes. Unlike many angiosperm lineages, ferns and lycophytes have highly uniform chromosomes in both size and structure (Wagner and Wagner 1980) , and some lineages exhibit evidence of conserved genome size over long periods of geologic time (Baniaga et al. 2016; Clark et al. 2016; Schneider et al. 2015) .
Even fossilized and extant chromosomes of the royal ferns (Osmundaceae) do not show significant difference in size despite more than 180 million years (Bomfleur et al. 2014) , and sterile hybrids may be generated between species of different genera that diverged more than 60 million years ago (Rothfels et al. 2015) . Our observation of older average insertion times of LTRs in homosporous ferns is consistent with a slow rate of structural turnover in their genomes. 
